Abstract. This paper presents a 9-degree of freedom (9-DOF) vehicle model combined with a closed-loop driver model for the purpose of developing vehicle lateral control. The driver model was developed to control the steering angle and uses a lookup table path as a reference for the control input. The proposed driver model for the outer-loop controllers are combination of proportional-integral (PI) control with a yaw effect adaptive fuzzy logic control. The outer-loop controllers were evaluated by simulation using predefined path for lane keeping manoeuvre at 80 km/h constant speeds. The simulation results show that the proposed driver model is capable of improving Y-axis trajectory error and Y-axis trajectory manoeuvres significantly.
Introduction
The lateral dynamics of vehicle are difficult to model and precisely control. Authors [1] and [2] summarized the difficulties that control problems in automatic steering are due to the wide range of velocity, mass, and road conditions under which such vehicles operate. Numerous models are available to relate vehicle lateral response to the steering input. Point mass model [3] is the simplest example but is probably not sufficiently accurate for a vehicle control application. The bicycle model, on the other hand, still quite simple yet has proven accurate enough to be the basis for much research in vehicle dynamic. Beyond the bicycle model, four wheel models are necessary to increase the modelling accuracy as used by [4] - [6] . In the literature, a wide range of human driver models implementing various techniques can be found. There are various reasons for the development of human driver modelling, namely for vehicle following [7] - [10] , road following [11] , collision avoidance [12] , lane keeping on a curving road [13] - [15] , and path following [16] .
Automatic steering control is an integral part of an intelligent vehicle control system [17] , which includes lane keeping and lane changing. This work focuses on the lane keeping problem. The main aim of lane keeping is to carry out automatic steering of the vehicle with the purpose of keeping it in the middle of the road in spite of changes in road conditions which minimize trajectory error at all times. As recent advance in automatic steering, researches on lane keeping control have been carried out extensively in the field of automated vehicles [18] - [19] . Automatic steering is practically important for future automated vehicles on high speed lane keeping manoeuvre and for highway automation [20] . In recent decades, this problem has been investigated worldwide by many research groups, especially in the U.S., Japan, and Europe [21] . That is the reason why the work on the development of a predefined path for lane keeping manoeuvre by using automatic steering control is carried out. This paper is organized as follows: Section A contains the introduction and the review of some related works. Section B presents a 9-DOF vehicle model with Calspan tire model and followed by Section C, the control design of the proposed driver model of the outer-loop control structure. Section D presents the evaluation of proposed driver model simulation results, and finally the conclusions.
Vehicle Modelling
The vehicle model of a passenger vehicle as used in [4] - [6] , is considered in this study that consists of a single sprung mass connected to four unsprung masses and is represented as a nine degree of freedom (DOF) system. The sprung mass is represented as a plane and is allowed to pitch, roll, and yaw as well as to displace in lateral and longitudinal directions [22] . Each wheel is also permitted to rotate along its axle axis and only the two front wheels are free to steer. The relationship between handling model, ride model, tyre model, slip angle, and longitudinal slip are clearly described in Fig.  1 .
Fig.1 Full vehicle model in MATLAB-Simulink

Control Design of Driver Model
The driver model implemented in this paper is a modified version of a comprehensive driver model proposed by author [6] . In the following text only the major steps and main modifications are described. Author [6] has stated that the lateral action controls the steering angle and uses the predefined path as reference for the control input. The steering angle, δ DM demanded by the driver model is calculated depending on the heading error, e ψ between the road angle and the vehicle yaw angle and on the path deviation errors, denoted by, e u , between the preview positions on the road and future vehicle positions obtained by linear interpolation, where u denotes the various preview position, with, e 1 being the current position. The errors are weighted by the control gains, denoted by, K ψ and K 1 …K n , and result in the steering angle in Eq. (1).
The proposed lateral control driver model is implemented on a validated vehicle model as shown in Fig. 2 . The detail of vehicle model subsystem is as shown in Fig. 1 . , are used as the inputs of optimization algorithm subsystem. The objective of using these two signals is approaching zero for Y-axis trajectory tracking error. The use of back-propagation optimization algorithm is widely implemented which is due to its simple structure in real-time implementation [24] - [27] . The uses of two controllers for lateral and yaw motions have been widely used in previous studies [1] , [17] , and
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Materials Science and Intelligent Technologies Applications [28] . The yaw angle and yaw rate were chosen as the input variables for the fuzzy controller, which reflects the dynamic characteristic of the output variable strictly [29] . The input and output of the fuzzy logic controller are presented in Fig. 3 .
Fig.3 Blocks of the fuzzy controller
In [30] - [32] , an adaptive fuzzy network model adapting a Takagi-Sugeno configuration is briefly introduced. It incorporates a back-propagation learning method typically used in a neural network configuration. The network uses a singleton fuzzification, Gaussian input membership functions, output membership function, product for the premise and implication, centre-average defuzzification, and takes in the form in Eq. 2. [33] in Eq. 8, 9, and 10, respectively. 
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Simulation Results
There is one type of test chosen for performance evaluation of the proposed driver model compared to the benchmark driver models [6] , [34] , and [35] . The test mentioned is lane keeping manoeuvre test. The accuracy of the driver model undergoing predefined lane keeping path is measured and become the criteria for the driver model performance evaluation. The criteria mentioned are Y-axis trajectory and Y-axis trajectory error. 
